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Available online 11 April 2015Allene oxide cyclase (AOC, E 5.3.99.6) is an essential enzyme in the jasmonic acid (JA)
biosynthetic pathway and mediates a wide range of adaptive responses. In this report, five
AOC genes (GhAOC1–GhAOC5) were cloned from upland cotton (Gossypium hirsutum L.),
sequenced, and characterized. Real-time PCR analysis indicated that the transcripts of
GhAOCs were abundantly expressed in roots and less in fibers, and regulated in cotton
plants under methyl jasmonate (MeJA) and CuCl2 stresses. To investigate the role of GhAOC
under copper stress, transgenic Arabidopsis plants overexpressing cotton GhAOC1 under
control of the Cauliflower mosaic virus 35S (CaMV 35S) promoter were generated. Compared
to untransformed plants, GhAOC1-overexpressing Arabidopsis thaliana plants exhibited
markedly higher survival rate, shoot fresh weight, shoot dry weight, and photosynthetic
efficiency, and reduced cell membrane damage and lipid peroxidation under copper stress.
This study provides the first evidence that GhAOC1 plays an important role in copper stress
tolerance.
© 2015 Crop Science Society of China and Institute of Crop Science, CAAS. Production and
hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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To adapt and survive, plants have developed complex
defensive mechanisms to cope with a variety of abiotic and
biotic stresses, such as pathogen attack, drought, water
deficit, salinity, and heavy metals [1]. During plant adaptation
to stress, JA, an important signaling chemical, may be
generated from lipids. JA and its methyl ester, collectivelyu).
Science Society of China a
ed equally to this work.
ina and Institute of Crop
license (http://creativecomreferred to as jasmonates (JAs) [2], are important plant
endogenous hormones involved in stress response [3,4].
The oxylipin pathway in plants is responsible for JA
synthesis [5]. Under the catalysis of lipoxygenase, molecu-
lar oxygen is inserted into α-linolenic acid to produce
(13S)-hydroperoxy-(9Z,11E,15Z)-octadecatrienoic acid. This
product is dehydrated by a key enzyme, allene oxide
synthase (AOS, EC 4.2.1.92) to an unstable allene oxide,nd Institute of Crop Science, CAAS.
Science, CAAS. Production and hosting by Elsevier B.V. This is an
mons.org/licenses/by-nc-nd/4.0/).
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12-oxo-phytodienoic acid (OPDA). After by 12-oxo-phytodienoic
acid reductase and several cycles of β-oxidation (+)-7-iso-JA is
formed. AOC is considered especially important during JA
biosynthesis, because its specificity leads to formation of
the basic structure of JA through its ability to convert the
unstable allene oxide derivative 12,13(S)-epoxyoctadecatrienoic
acid (12,13-EOT) to OPDA [6,7].
AOC genes have been cloned from several plant species,
including tomato [7], mangrove [8], Arabidopsis thaliana [9],
barley [10], barrel medic [11], Hyoscyamus niger [12], Camptotheca
acuminate [13], Jatropha curcas [14], Physcomitrella patens [15],
Glycine max [6], and Leymus mollis [16]. Characterization of these
genes from different plants has provided valuable information
about their biochemical and physiological roles in adaptation to
a variety of biotic and abiotic stresses. For example, overex-
pression of JcAOC in Escherichia coli conferred resistance to salt
stress and low temperature [14]. Ectopic overexpression of an
AOC gene cloned from C. acuminate using the viral 35S promoter
improved tolerance against salt stress and low temperature in
transgenic tobacco plants compared to wild-type controls [13].
GmAOC5 transgenic tobaccos showed enhanced tolerance to
oxidative stresses, while GmAOC1-expressing transgenic lines
showed enhanced salinity stress tolerance [6]. However, the
precise mechanisms of AOC function in these plant cell
processes, particularly in regulating stress response, remain to
be elucidated.
Plant AOC genes show specific and complex expression
patterns in multiple organs. In soybean, GmAOC2 showed
higher expression only in roots, GmAOC5 was expressed
strongly only in stems, and GmAOC3 was expressed highly in
flowers [6]. In tomato, the AOC gene is expressed specifically
in vascular bundles and the surrounding parenchymatic cells
[7]. In contrast, four AOC genes in A. thaliana are constitutively
expressed in all leaf tissues [9].
As one of the most important crops for the textile
industry worldwide, cotton often suffers from various
environmental stresses, such as drought, soil salinization,
and heavy metals. Understanding the molecular basis of
stress responses is accordingly a key target of cotton genetic
improvement programs. To our knowledge, no reports in
the literature have described the effect of GhAOC on abiotic
tolerance in upland cotton. In the present study, we cloned
five AOC genes, named as GhAOC1–GhAOC5, from cotton for
the first time and analyzed their transcription profiles in
various tissues and under different stress treatments.
GhAOC1 was overexpressed in Arabidopsis and the copper
stress tolerance of the transgenic Arabidopsis plants was
investigated.2. Materials and methods
2.1. Plant materials, growth conditions, and treatments
Upland cotton (Gossypium hirsutum cv. Liaomian 9) seeds
were surface-sterilized with 75% (v/v) ethanol for 1 min and
10% (v/v) H2O2 for 1 h, followed by washing with sterile distilled
water. The sterilized seeds were germinated at 23 °C for 6 daysand the germinated seedlings were transferred to plastic flats
containing 13.5 L nutrient solution. The nutrient solution
contained (mmol L−1) KH2PO4, 0.2; MgSO4, 0.5; KCl, 1.5; CaCl2,
1.5; H3BO3, 1 × 10−3; (NH4)6Mo7O24, 5 × 10−5; CuSO4, 5 × 10−4;
ZnSO4, 1 × 10−3; MnSO4, 1 × 10−3; Fe(III)-EDTA, 1 × 10−1. The
plants were grown in a controlled-environment growth
chamber under the following conditions: 16 h light/8 h dark
photoperiod with a light intensity of 350 μmol m−2 s−1, 23 °C
day and night temperatures, and relative humidity of 60–75%.
Two-week-old seedlings with similar heights were trans-
ferred to nutrient solution containing 50 μmol L−1 MeJA and
120 μmol L−1 CuCl2, respectively. At 0, 1, 3, 6, 12, 24, and
48 h after the stress treatments, the roots were quickly
frozen in liquid nitrogen and stored at −70 °C for later RNA
isolation.
Field grown cotton plants were used to analyze tissue-
specific expression of GhAOC. After flowering, leaf, stem, root,
petal, anther, stigma, ovule, and fiber tissues were sampled
for gene expression analysis.
The wild-type (WT) Arabidopsis plants (Columbia eco-
type) used for transformation were grown in a climate
chamber at 22 °C, 70% relative humidity, and with a 16 h
light/8 h dark photoperiod with a light intensity of
150 μmol m−2 s−1.
2.2. RNA, DNA extraction, and cDNA synthesis
Total RNAs of cotton and Arabidopsis leaves were extracted
with TRIzol reagent (Invitrogen, USA) and then treated with
DNase I (Promega, USA). cDNAs were synthesized using
oligo-(dT)18 as anchor primer and M-MLV reverse transcrip-
tase (Promega, USA) according to the manufacturer's instruc-
tions. Genomic DNAwas extracted from cotton plants without
stress using the cetyltrimethylammonium bromide method
[17].
2.3. Isolation, sequencing, and analysis of GhAOCs
GhAOC genes were obtained by in silico cloning. FourArabidopsis
AOC genes (AtAOC1: NM_113475, AtAOC2: NM_113476, AtAOC3:
NM_113477, AtAOC4: NM_101199) and six soybean AOC genes
(GmAOC1: HM803106,GmAOC2: HM803107,GmAOC3: HM803108,
GmAOC4: HM803109, GmAOC5: HM803110, GmAOC6: HM803111)
were used as query probes for BLASTN searches of the public
NCBI GenBank database. Based on the resulting sequence of
interest, specific primers were designed to amplify the genomic
and cDNA sequences of GhAOC in cultivar Liaomian 9 (Table 1).
The polymerase chain reaction (PCR) was performed using Pfu
DNA polymerase (Promega, Madison, WI, USA). The isolated
genes were sequenced with an ABI3730 DNA Analyzer (Applied
Biosystems Inc., Foster City, CA, USA).
2.4. Gene structure and bioinformatic analysis
Coding regionwas identified with ORF Finder (http://www.ncbi.
nlm.nih.gov/gorf/gorf.html). The theoretical isoelectric point
(pI) andmolecular weight (Mw) of proteinswere estimatedwith
the Compute pI/Mw Tool (http://www.expasy.org/tools/pi_tool.
html). The localization of proteins was predicted with PSORT
(http://psort.nibb.ac.jp/).
Table 1 – Primer sequences used for GhAOC gene amplification.
Name Sequence (5′–3′) Name Sequence (5′–3′)
GhAOC1-F GGGTGGGCATCACGGCTGGACTC GhAOC1-R GAAGCTCAGCTGGCAAATCACC
GhAOC2-F GGCCGCCTCGGGTAAATATAATTTC GhAOC2-R TAATTTATTTAATTAGTGAAATTTG
GhAOC3-F ACTCTCAGTATGTCTGCTTTAAGAT GhAOC3-R TGACATTGCAAATGATTTAATTAG
GhAOC4-F CTTACAACCCGATGGCCGCTTCA GhAOC4-R TAAATGATTTAATTAGTGAAATTT
GhAOC5-F CACACTCTCAGTATGTCTGCTTTAA GhAOC5-R GCAAATGATTTAATTAGTGAAATT
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Real-time PCR was performed with SYBR Premix Ex TaqII
(TaKaRa, Dalian, China) on a Master cycler ep realplex
machine (Eppendorf, Hamburg, Germany). Triplicate quanti-
tative assays were performed for each cDNA sample. GhUbi
and AtActin were used as internal reference genes for
assessing expression levels in cotton and Arabidopsis, respec-
tively. The relative level of gene expression was calculated
according to the method of Livak and Schmittgen [18]. Primer
sequences for real-time PCR were listed in Table 2.
2.6. Construction of plant expression vectors and
transformation of Arabidopsis
GhAOC was cloned in the pCAMBIA-1302 vector between Bln I
and Nco I restriction sites under the control of the CaMV 35S
promoter. The vector was transformed into Agrobacterium
strain GV3101 by electroporation. The transgenic Arabidopsis
plants were generated by the Agrobacterium-mediated floral
dip method [19]. Arabidopsis plants were grown in a controlled
culture room at 22 °C with relative humidity of 60–70% under
long-day conditions (16 h light and 8 h dark).
2.7. Copper tolerance assay
For copper treatment, two T3 homozygous plants (OX2 and
OX6) and wild-type (WT) seeds were surface-sterilized and
grown on MS medium for two weeks, then transferred into
plastic pots filled with a 1:1 mixture of perlite and vermiculite
and grown for five days before exposure to copper stress. To
determine survival rate after copper treatment, three weeks
old plants were exposed to copper stress by withholding water
and irrigating with 120 μmol L−1 CuCl2 for 10 days. AfterTable 2 – Primer sequences used for real-time PCR.
Name Sequence (5′–3′)
AtActin-F TGCTGACCGTATGAGCAAAG
GhUbi-F CTGAATCTTCGCTTTCACGTTATC
OPR3-F GGTGCAGGGCGTTGAACGGAGTA
AtMYC2-F TGGCAACCGTCGTATGATTTCT
JAZ1-F AGCTTCACTTCACCGGTTCTTGG
PDF1.2-F TGCTTCCATCATCACCCTTA
GhAOC1-F CACCACCTCCCTCAAACCCATCCC
GhAOC2-F GTATATGAGATGAATGAAAGAG
GhAOC3-F CATTTCTTCTGGGATAATCAG
GhAOC4-F CCATTTCTTCTGGGATAATAAG
GhAOC5-F GGGATAATCAGATCAACTTCtreatment, plants were transferred to the normal growth
conditions described above. For measurement of survival rate,
plants that had green and healthy young leaves were
considered to have survived. Maximum photochemical effi-
ciency (Fv/Fm), quantum yield of photosystem II (ΦPSII), and
malondialdehyde (MDA) concentration were determined as
described previously [20,21]. Plant cell membrane damage rate
(MDR) was measured with a microprocessor conductivity
meter, DDS-12DW (Lida, Shanghai, China) according to the
method of Sairam [22]. MDR (%) = initial electrical conductivity /
electrical conductivity after boiling × 100. About 45 plants of each
line were used in each stress experiment, and the experiments
were performed at least three times.
2.8. Statistical analysis
ANOVA analysis of the experimental data was performedwith
SPSS 11.5 (SPSS Inc., Chicago, IL, USA).3. Results
3.1. Isolation and sequence analysis of GhAOC genes
Five GhAOC genes were identified and designated as GhAOC1–
GhAOC5, respectively. They each contained a single open
reading frame, encoding proteins of 253, 178, 246, 245, and 204
amino acids with molecular weights of 27.8, 19.8, 27.1, 27.0,
and 22.4 kDa, respectively (Table 3). The similarities of the
GhAOC proteins varied from 32.2% to 67.8% and their
identities varied from 22.8% to 56.7%. All five proteins showed
localization in the chloroplast by a PSORT analysis (http://
psort.nibb.ac.jp/). Sequence alignment revealed that the
GhAOC proteins shared high similarities in the C terminus,Name Sequence (5′–3′)
AtActin-R GATTGATCCTCCGATCCAGA
GhUbi-R GGGATGCAAATCTTCGTGAAAAC
OPR3-R GGTTGTGTAACGTGAAGGTAAGC
AtMYC2-R TCACCTCCTCATCAACAGCGTC
JAZ1-R TCTTGTCTTGAAGCAACGTCGTC
PDF1.2-R TTCTGTGCTTCCACCATTGC
GhAOC1-R GTATATGGCTTCATAGCGATCG
GhAOC2-R GTGAAATTTGCAATGGCGGC
GhAOC3-R GTTGCTAAAAGGGACAAGATC
GhAOC4-R CAAATCTCCCCTATATATTG
GhAOC5-R GCTAAAAGGGACAAGATCAC
Table 3 – Overview of the five AOC genes identified in upland cotton.
Gene name ORF length (bp) Deduced polypeptide Introns PLa
Length (AA) Molecular weight (kDa) Isoelectric point
GhAOC1 762 253 27.8 8.95 1 Chlo
GhAOC2 537 178 19.8 5.85 2 Chlo
GhAOC3 741 246 27.1 8.51 2 Chlo
GhAOC4 738 245 27.0 9.06 2 Chlo
GhAOC5 615 204 22.4 9.21 3 Chlo
Chlo: chloroplast.
a Localization of GhAOC proteins determined by PSORT (http://psort.nibb.ac.jp/).
346 T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 3 4 3 – 3 5 2whereas the N-terminal region was divergent (Fig. 1). These
divergent N-terminal regions resulted in variations in GhAOC
protein length.
3.2. Expression of GhAOCs in different tissues and under
stress treatments
To investigate their expression profiles in cotton tissues,
expressions of the isolated five GhAOC genes in cotton wereFig. 1 – Alignment of GhAOC deduced amino acid sequanalyzed by real-time PCR. The relative transcript levels of the
GhAOC genes in different tissues were shown in Fig. 2. The
results showed that the five GhAOC genes were expressed
mainly in cotton roots and at moderate to low levels in other
tissues. The root-specific expression patterns of these GhAOC
genes were probably associated with their functions in roots.
We next investigated the transcriptional responses of
GhAOCs under MeJA and CuCl2 treatments. Both treatments
significantly increased the transcription of several GhAOCences. Identical amino acids were shaded in black.
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347T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 3 4 3 – 3 5 2genes compared to the control (0 h). However, this upregulation
was time-dependent, and the expression of different genes
peaked at different times after exposure to these stresses. For
example, under MeJA treatment, all GhAOC genes were upreg-
ulated and peaked at different times, with GhAOC2, GhAOC4,
and GhAOC5 reaching the highest expression level in the
minimum time (Fig. 3). In the copper stress treatment, GhAOC1
was significantly upregulated by 120 μmol L−1 CuCl2, whereas
GhAOC5 showed no obvious change (Fig. 4). Collectively, our
results indicated a divergence of expression profiles and levels
in these five GhAOC genes.
3.3. GhAOC1 expression conferred copper tolerance in
Arabidopsis plants
Because the expression of GhAOC1 was markedly upregulat-
ed by CuCl2, we evaluated the copper tolerance of GhAOC1-
overexpressing plants under CuCl2 stress. Under normal
growth conditions, no significant difference was observed in
either WT or transgenic seedlings. The positive GhAOC1
transgenic plants were confirmed by RT-PCR (Fig. 5-A). After
copper treatment, mostWT plants were chlorotic and wilting
(Fig. 5-B), and the survival rate of the WT plants was only
35.5%, whereas the GhAOC1-overexpressing plants remained
green and survived (Fig. 5-C). Compared with the control,
copper stress greatly increased JA content, and this increasewas much greater in the transgenic than in the WT plants
(Fig. 5-D). Under control conditions, there was no significant
difference in shoot fresh and dry weights between WT and
transgenic plants. After the plants were subjected to copper
stress for 10 days, shoot fresh and dry weights were reduced
in theWT and transgenic plants, indicating that copper stress
impeded plant growth and development. High CuCl2 treat-
ment reduced shoot fresh weight and dry weight more
severely inWT than in transgenic plants (Fig. 5-E, F), implying
that overexpressing GhAOC1 increased the tolerance of the
plants to copper stress.
3.4. GhAOC1expression led to a reduction in MDA and MDR
and improved photosynthetic activity under copper stress in
transgenic Arabidopsis plants
To investigate the physiological mechanisms underlying the
involvement of GhAOC1 in cotton tolerance to copper stress,
Fv/Fm, ΦPSII, MDA concentration, and MDR were determined in
the youngest expanded leaf before and after copper treat-
ment. The values of Fv/Fm, ΦPSII, MDA, and MDR showed no
significant differences between the control and transgenic
plants without treatment. Following exposure to copper stress
for 10 days, the values of Fv/Fm and ΦPSII were significantly
reduced. This reduction was much greater in control than in
transgenic plants (Fig. 6-A, B). Copper stress greatly increased
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measurements. Different letters indicated a significant difference at the 0.05 probability level.
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condition, and this increase was much greater in the WT
than in the transgenic plants (Fig. 6-C, D).
3.5. Copper-induced expression of GhAOC1in Arabidopsis
plants upregulated the JA pathway
The effect of overexpressing GhAOC1 in Arabidopsis on the
transcription of genes in the JA pathway was investigated by
monitoring the accumulation of OPR3 (a JA synthesis enzyme
downstream of AOC), Jasmonate-ZIM-Domain Protein1 (JAZ1)
and AtMYC2 (JA signaling genes), and Plant Defensin1.2 (PDF1.2,a JA signaling pathway gene). The expression of these four
genes was increased in transgenic compared with WT plants
under copper treatment (Fig. 7).4. Discussion
Previous studies showed that the AOC genes belong to a
multigene family. There are four homologous AOC genes in
Arabidopsis and six in soybean [6,9]. Tetraploid upland cotton
may contain several AOC genes in its large genome, but to
date little systematic identification of full-length AOC genes in
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present study, five GhAOC genes were identified in cotton.
All five GhAOC proteins are conserved in their C termini and
divergent in their N-terminal regions, like other plant AOC
proteins [15]. Analysis of tissue-specific expression showed
that GhAOCs were abundantly expressed in roots (Fig. 3). The
tissue expression profile of GhAOC was in agreement with
results in soybean, in which GmAOC2was expressed predom-
inantly in roots [6]. This finding seems reasonable, given that
roots are buried in soil and may sense the presence of copper
ions.
The dynamic expression patterns of GhAOC were affected
by MeJA and CuCl2 (Fig. 4), suggesting that GhAOCs are
involved in the crosstalk of the environmental stress response
in cotton. MeJA is an important cellular regulator responding
to various environmental conditions in plants [3]. The
observation that GhAOCs were upregulated by MeJA (Fig. 4-A)
suggests that the induction of GhAOC gene by CuCl2-induced
stress is associated with the MeJA-mediated signaling path-
way. Further work is planned to clarify the molecular
mechanism through which the GhAOC proteins interact with
the signal transduction system of MeJA.
Plants respond to environmental stress conditions by
adjusting various biochemical and physiological processes[23]. The biochemical and physiological basis of tolerance of
GhAOC1 transgenic plants was analyzed by studying changes
in photosynthetic efficiency, MDR, and MDA concentration
under copper stress. After the plants were treated with copper
stress for 10 days, survival rates and shoot fresh and dry
weights were significantly higher in transgenic lines than in
the WT (Fig. 5), implying that GhAOC1 conferred tolerance to
copper stress. Chlorophyll fluorescence in intact leaves is a
reliable, noninvasive method for monitoring photosynthetic
changes and reflects the physiological conditions of plants.
Fv/Fm is usually used as an important parameter to assess the
photooxidative damage to photosystem II (PSII) and decrease
in its value indicates damage to PSII [24]. Efficiency of PSII (Φ)
[25] measures the amount of absorbed light by chlorophyll
molecules associated with PSII system and is described as
effective quantum yield (ΦPSII). Imposition of copper stress
resulted in a marked reduction in the Fv/Fm and ΦPSII values of
the transgenic plants, and this reduction was greater in the
WT plants (Fig. 6-A, B). These observations indicated that
overexpression of GhAOC1 resulted in enhanced stability of
PSII under copper stress. Maintenance of membrane stability
is a major component of environmental stress tolerance [26].
The MDR under stress conditions can be estimated by
measurement of electrolyte leakage from plant cells. MDA,
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Fig. 7 – Expression levels of OPR3 (A), JAZ1 (B), AtMYC2 (C), and PDF1.2 (D) in WT and transgenic plants with or without copper
stress. Each value was the mean ± SD of at least three independent measurements. Different letters indicated a significant
difference at the 0.05 probability level.
351T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 3 4 3 – 3 5 2produced as a result of peroxidation of membrane lipids, is
used as a marker of stress-induced oxidative damage at the
cellular level [27]. The results obtained in the present study
showed that copper stress for 10 days significantly reduced
MDA and MDR in transgenic plants relative to that in WT
plants (Fig. 6-C, D), clearly showing that lipid peroxidation and
cell membrane damage reduction in transgenic plants were
caused by overexpression of GhAOC.
To investigate the enhanced copper tolerance at the
molecular level, expression levels of several JA signaling
genes were measured in transgenic and WT plants with or
without copper stress. GhAOC1-overexpressing transgenic
Arabidopsis lines displayed increased expression levels of
OPR3, JAZ1, AtMYC2, and PDF1.2 under copper stress (Fig. 7).
Our results suggested that the higher tolerance to copper
stresses observed in GhAOC1-overexpressing Arabidopsis was
the result of the increased expression levels of these genes.
In summary, this study identified and characterized five
GhAOC genes from upland cotton. GhAOCs were expressed
mainly in roots and significantly upregulated by MeJA and
CuCl2 treatments. Overexpression of GhAOC1 led to increased
expression of several JA signaling genes and significantly
higher survival rate, JA accumulation, shoot fresh and dry
weight, and photosynthetic efficiency under copper stress.
GhAOC1may prove to be a useful gene for molecular breeding
of important crops to improve copper stress tolerance.Acknowledgments
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